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WO 00/44477 PCT/USOO/01666 
ELECTRODEION1ZATION APPARATUS AND METHOD 



BACKGROUND OF THE INVENTION 

L Field of the Invention 
5 The present invention relates to an electrodeionization apparatus and method and, more 

particularly, to an electrodeionization apparatus and method including electroactive media 
combinations that provide more uniform electric current distribution, degree of resin regeneration, 
and deionization performance. 

10 2. Description of the Related Art 

Electrodeionization (EDI) is a process that removes ionizable species from liquids using 
electrically active media and an electrical potential to influence ion transport. The electrically 
active media may function to alternately collect and discharge ionizable species, or to facilitate 
the transport of ions continuously by ionic or electronic substitution mechanisms. EDI devices 

15 may comprise media of permanent or temporary charge, and may be operated batchwise, 
intermittently, or continuously. EDI devices may be operated to cause electrochemical reactions 
specifically designed to achieve or enhance performance, and may comprise electrically active 
membranes such as semipermeable ion exchange or bipolar membranes. 

In continuous electrodeionization (CEDI), which includes processes such as continuous 

20 deionization, filled cell electrodialysis, or electrodiaresis (EDR), the ionic transport properties of 
the electrically active media are the primary sizing parameter. These processes are described, for 
example, by Kollsman in U.S. Patent No. 2,815,320; Pearson in U.S. Patent No. 2,794,777; 
Kxessman in U.S. Patent No. 2,923,674; Parsi U.S. Patent Nos. 3,149,061 and 3,291,713; 
Komgold et aL in U.S. Patent No. 3,686,089; Davis in U.S. Patent No. 4,032,452; U.S. Patent No. 

25 3,869,376; O'Hare in U.S. Patent No. 4,465,573; Kunz in U.S. Patent Nos. 4,636,296 and 
4,687,561 ; and Giufirida et al. in U.S. Patent No. 4,632,745. A typical CEDI device comprises 
alternating electroactive semipermeable, anion and cation ion-exchange membranes. The spaces 
between the membranes are configured to create liquid flow compartments with inlets and outlets. 
A transverse DC electrical field is imposed by an external power source using electrodes at the 

30 bounds of the membranes and compartments. Often, electrolyte compartments are provided so 
that reaction products from the electrodes can be separated from the other flow compartments. 
Upon imposition of the electric field, ions in the liquid are attracted to their respective 
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counterelectrodes. The compartments bounded by the electroactive anion membrane facing the 
anode and the electroactive cation membrane facing the cathode become ionically depleted, and 
the compartments bounded by the electroactive cation membrane facing the cathode and the 
electroactive anion membrane facing the anode become ionically concentrated. The volume 
5 within the ion-depleting compartments, and preferentially within the ion-concentrating 
compartments, is also comprised of electrically active media. In continuous deionization devices, 
the media may comprise intimately mixed anion and cation exchange resins. The ion-exchange 
media enhances the transport of ions within the compartments and can also participate as a 
substrate for controlled electrochemical reactions. The configuration is similar in EDR devices, 

1 0 except that the media comprise separate, and sometimes alternating, layers of ion-exchange resin. 
In these devices, each layer is substantially comprised of resins of the same polarity (either anion 
or cation resin) and the liquid to be deionized flows sequentially through the layers. 

Performance of CEDI may be limited by difficulty in obtaining the desired electrical 
current distribution with the device. Electroactive media of permanent charge may change their 

1 5 electrical resistance properties in undesired ways depending on their ionic form. For example, 
in the ion substitution of sodium with hydrogen ion in EDR, most cation exchange resins will 
preferentially transport hydrogen ion over the desired transport of sodium ion. This results in 
electrical inefficiencies and, under certain circumstances, may cause pH shifts that are detrimental 
to valuable products within the liquid. In another example, a given electroactive media may be 

20 desirable for transport properties, such as the Type II anion membrane and resins for continuous 
deionization and EDR, but may have the undesirable properties of catalyzing the ionization 
reaction of water to hydrogen and hydroxide ions. 

NL 776,469 discloses an electrolytic deionization apparatus that includes separate strata 
of anion exchanger and cation exchanger. 

25 W097/46492 discloses an electrodeionization apparatus for improving the rate of silica 

removal in which nontreated water first passes through an anion-exchange layer followed by other 
ion-exchange materials. 

Therefore, a need remains for an improved electrodeionization apparatus having improved 
electric current distribution and deionization performance. Lastly, there is a need to provide 

30 improved methods of operation of an electrodeionization apparatus. 
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SUMMARY OF THE INVENTION 

Accordingly, the present invention is directed to an electrodeionization apparatus 
including an ion-depleting compartment having alternating layers of ion exchange resin material. 
At least one of the alternating layers includes a specialized electroactive media, which includes 
5 a Type I anion resin material. At least one of the alternating layers includes a doped cation 
exchange resin material. 

In another aspect, the present invention is directed to an electrodeionization apparatus that 
includes an ion-depleting compartment with alternating layers of ion exchange resin material. 
At least one of the alternating layers includes a specialized electroactive media. At least one of 
10 the alternating layers includes a doped cation exchange resin material. The cation resin material 
is doped with the specialized electroactive media. The specialized electroactive media includes 
about 60 percent of a Type I anion resin material. 

In another aspect, the invention is directed to an electrodeionization apparatus that 
includes an ion-depleting compartment. The ion-depleting compartment includes alternating 
1 5 layers of ion exchange resin material. At least one layer includes a dopant material. 

In yet another aspect, the invention is directed to a method for purifying a fluid in an 
electrodeionization apparatus. The method involves providing an electrodeionization apparatus 
having an ion-depleting compartment. The method also involves providing a first ion exchange 
resin material having a first conductivity value and a second ion exchange resin material having 
20 a second conductivity value different than the first. The difference between the first and second 
conductivity values may be reduced by adding a dopant material to at least one of the ion 
exchange resin materials. The first and second ion exchange resin materials are positioned in 
alternating layers in the ion-depleting compartment. A fluid stream is passed through the ion- 
depleting compartment, and an electric field is applied across the electrodeionization apparatus. 

25 

BRIEF DESCRIPTION OF THE DRAWINGS 

Preferred, non-limiting embodiments of the present invention will be described by way 
of example with reference to the accompanying drawings, in which: 

FIG. 1 A is a schematic, cross-sectional view through an ion-depleting cell according to 
30 the present invention, illustrating one configuration of alternating ion exchange resin materia] 
layers; 
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FIG. IB is a schematic, cross-sectional view through an ion-depleting cell according to 
the present invention, illustrating another configuration of alternating ion exchange resin material 
layers; 

FIG. 1C is a schematic, cross-sectional view through an ion-depleting cell according to 
5 the present invention, illustrating another configuration of alternating ion exchange resin material 
layers; 

FIG. ID is a schematic, cross-sectional view through an ion-depleting cell according to 
the present invention, illustrating another configuration of alternating ion exchange resin material 
layers; 

10 FIG. IE is a schematic, cross-sectional view through an ion-depleting cell according to 

the present invention, illustrating another configuration of alternating ion exchange resin material 
layers; 

FIG. IF is a schematic, cross-sectional view through an ion-depleting cell according to 
the present invention, illustrating another configuration of alternating ion exchange resin material 
15 layers; 

FIG. 2 is a schematic, cross-sectional view through an ion-depleting cell according to the 
present invention, illustrating an embodiment having substantially uniformly sized alternating ion 
exchange resin material layers; and 

FIG. 3 A is a schematic, cross-sectional view through an electrodeionization apparatus, 
20 illustrating the fluid and ion flow direction through ion-depleting, ion-concentrating, and 
electrolyte compartments; 

FIG. 3B is a schematic, cross-sectional view through the electrodeionization apparatus 
of FIG. 3 A, in which the ion-concentrating compartment is filled with alternating layers of ion 
exchange resin beads. 

25 FIG. 3C is a schematic, cross-sectional view through the electrodeionization apparatus 

of FIG. 3 A, in which the ion-concentrating compartment is filled with uniformly sized cation 
exchange resin beads. 



30 



DETAILED DESCRIPTION OF THE INVENTION 

The present invention is directed to an electrodeionization apparatus and method that 
provide relatively high purity water and low electrical resistance by balancing the relative 
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conductivity of alternating layers of ion exchange resin material positioned in an ion-depleting 
compartment. The electrodeionization apparatus provides more uniform electric current 
distribution and deionization performance. An electrodeionization apparatus may be based on 
technologies such as continuous electrodeionization, electrodiaresis, filled-cell electrodialysis, 

5 electrochemical ion exchange, capacitive deionization, and the like. For purposes of the present 
invention, the electrodeionization apparatus is an EDI apparatus, such as those disclosed by Kunz, 
in U.S. Patent Nos. 4,636,296 and 4,687,561, both of which are incorporated herein by reference. 
The electrodeionization apparatus may be based on various configurations, such as a spiral 
design, a plate and frame design, and a circular design. 

10 The method of the invention involves layering various types of electroactive media, 

each having a different conductivity value, in an ion-depleting compartment. The 
conductivity of the alternating layers of ion exchange resin material are balanced in order to 
provide more uniform current distribution and, ultimately, improved deionization 
performance. For purposes of the present invention, the terms "balanced" or "balancing," 

15 mean a reduction in the difference in conductivity between two adjacent layers of 

electroactive media. One potential problem that may arise when the current distribution is 
unbalanced arises in instances where ion exchange resin materials are regenerated in situ by 
hydrogen and hydroxyl ions, as disclosed in U.S. Patent No. 5,858,1 91 , which is incorporated 
herein by reference in its entirety. As disclosed, resin regeneration takes place where the 

20 majority of current flows, and little or no regeneration takes place elsewhere. Therefore, the 
more highly conductive resin will be regenerated, while the less conductive resin will only be 
minimally regenerated, or not regenerated at all, leading to fouling of the less conductive 
resin. In the present invention, the current distribution of the apparatus is balanced by doping 
at least one layer of the electroactive media. "Doped material," as used herein, means an 

25 electroactive media to which a dopant material has been added, for the purpose of adjusting 
the electrochemical characteristics of the electroactive media. The "dopant material" may be 
an inert or an electroactive media, preferably anion or cation exchange resin beads. 

In conventional mixed bed, or mixtures of oppositely charged ion exchange resin 
materials, the mechanism of ion exchange is based on ionic transport. That is, ions of 

30 opposing charges are simultaneously transported from the deionization chamber in opposing 
directions. Such a mechanism does not take place in intimate mixtures of ion exchange 
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materials having the same charge, or mixtures of a single charge and an inert material. That 
is, they will never act as a mixed bed. In contrast, in the present invention, ionic substitution 
predominates, the majority of current flows in one direction, and the ions of interest are 
transported in a single direction. Thus, for purposes of the present invention, an electroactive 

5 material may be considered "doped" up to the point at which the transport of ions in both 
directions is the predominant mechanism, i.e. until the electroactive material begins to 
function as a mixed bed. Those of skill in the art will recognize that mixed beds in which 
ionic transport ceases or is minimized and in which ionic substitution predominates may be 
considered doped materials for purposes of the present invention. Those of skill in the art will 

10 also recognize that the maximum amount of dopant that may be added to an electroactive 
media before ionic transport predominates will vary according to the materials used. 

According to the invention, alternating layers of anion exchange resin beads and cation 
exchange resin beads may be positioned in the ion-depleting compartment, in any sequence. 
Examples of such electroactive media are used throughout the application, and are described 

15 in more detail below. That is, either anion exchange resin beads or cation exchange resin 
beads may be positioned in the first, or topmost, layer of the ion-depleting compartment. 
Moreover, either, or both layers of the beads may be doped. For ease of manufacturing, it is 
preferred that the layers are doped using beads from the alternating layers. For example, a 
layer of anion exchange resin beads is preferably doped with cation exchange resin beads of a 

20 type used in an adjacent layer. Conversely, a layer of cation exchange resin beads is 
preferably doped with anion exchange resin beads of a type used in an adjacent layer. 

For ease of illustration, all embodiments and examples described herein are with 
reference to ion exchange resin beads. However, it should be understood that beads are used 
solely for the purposes of illustration, and that the invention encompasses any other type of 

25 electroactive media. 

In FIGS. 1 A- IF, varying schematic, cross-sectional views of an ion-depleting 
compartment 10 according to the present invention are shown. According to the 
embodiments, alternating layers, or beds, of ion exchange resin material are positioned in the 
ion-depleting compartment 10 in a central space formed between an anion-permeable 

30 membrane 26 and a cation-permeable membrane 24. The central space, or inter-membrane 
spacing, may be varied depending on the desired purity of the product water. The inter- 
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membrane spacing may be adjusted depending on the desired product water purity, and is 
typically greater than about 1/16 inch. In one application requiring very high purity water, for 
example, having a resistivity of between about 16 megohms to about 1 8 megohms, it has been 
found that the preferred inter-membrane spacing is in the range of about 1/16 inch to about 

5 3/16 inch, and most preferably about 1/8 inch. In another application with a lower purity 
requirement, for example, having a resistivity of between about 9 megohms to about 12 
megohms, it has been found that the preferred inter-membrane spacing is in the range of about 
1/4 inch to about 1/2 inch, most preferably about 3/8 inch. 

At least one layer of ion exchange resin material 28 and ion exchange resin material 30 

10 is required in the ion-depleting compartment of the present invention, although more may be 
used. The number of layers in the ion-depleting compartment may be determined, in part, by 
the height of the module frame. The thickness of the layers may vary depending, in part, on 
the inter-membrane spacing. In practice, the layer thickness, which is also known as the bed 
height, is limited by the minimum thickness required to reduce shifting and undesired mixing 

15 of the alternating layers of resins during use. In some instances, it may be necessary to vary 
the thickness of the alternating layers, however, it is preferred that the individual layers in the 
ion-depleting compartment have substantially the same thickness. Although as few as two 
alternating resin layers may be used in the ion-depleting compartment, up to eight or more 
resin layers of equal or different heights are typically used. 

20 In one aspect of the invention illustrated in FIGS. 1 A-1C, the first, or topmost layer, is 

preferably an anion exchange resin material 28, and the second layer is preferably a cation 
exchange resin material 30. In one embodiment illustrated in FIG. 1 A, the first layer of anion 
exchange resin material 28 is preferably doped with a dopant material 38, while the second 
layer of cation exchange resin beads 30 is preferably undoped. Conversely, in another 

25 embodiment illustrated in FIG. IB, the first layer of anion exchange resin material 28 is 

preferably undoped, while the second layer of cation exchange resin material 30 is preferably 
doped with a dopant material 38. In another embodiment illustrated in FIG. 1 C, both the first 
anion exchange resin material layer 28 and the second cation exchange resin material layer 30 
are preferably doped with dopant material 38. 

30 FIGS. ID- IF illustrate another aspect of the invention, in which the first, or topmost 

layer in the ion-depleting compartment is a cation exchange resin material 30, and the second 
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layer is an anion exchange resin material 28. In one embodiment illustrated in FIG. ID, the 
first cation exchange resin material layer 30 is preferably doped with a dopant material 38, 
while the second anion resin material layer 28 is preferably undoped. Conversely, in another 
embodiment illustrated in FIG. IE, the first cation exchange resin material layer 30 is 

5 preferably undoped, while the second anion exchange resin material 28 is preferably doped 
with a dopant material 38. In another embodiment illustrated in FIG. IF, both the first cation 
exchange resin material layer 30 and the second anion exchange resin material layer 28 are 
preferably doped with dopant material 38. When either, or both, of the alternating layers are 
doped, they may be doped with the same dopant material, or they may be doped with different 

10 dopant materials. Preferably, when either, or both, of the alternating layers of ion exchange 
resin material 28 and 30 are doped, they are doped with less than about 50 percent, more 
preferably less than about 40 percent, more preferably less than about 30 percent, more 
preferably less than about 20 percent, and more preferably still less than about 1 0 percent, of a 
dopant material, by volume of the layer to be doped. As noted above, the dopant material 

15 may be an inert or an electroactive media, preferably anion or cation exchange resin beads. 

The optimum ratios of dopant material to ion exchange resin beads may vary based, in 
part, on the inter-membrane spacing, the thickness of the layers, the composition of both the 
dopant material and the ion exchange resin beads to be doped, the size and uniformity of the 
beads, and the functional groups in the surface regions of the beads. It will be readily 

20 apparent to those of skill in the art that as the difference in conductivity between two resins 
increases, the amount of resin required to effect a change in the conductivity of the ion 
exchange resin material may increase. In some instances, it may be desirable to minimize the 
amount of dopant material in order to prevent or minimize changes in the properties of the ion 
exchange resin material to which it is added. 

25 Also in any of the embodiments disclosed herein, the remaining ion-concentrating and 

electrode compartments may be filled with conventional ion exchange resin material, which 
may be alternated as in the ion-depleting compartment. These compartments may also be 
filled with an inert material, such as, but not limited to, polypropylene. Alternatively, the 
remaining ion-concentrating and electrode compartments may include an inert structure, such 

30 as a screen or netting positioned therein. It should be recognized that any type of electroactive 
media may be used in the ion-concentrating and electrode compartments, including, but not 
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limited to cation exchange resin material, Type I anion exchange resin material, Type II anion 
exchange resin material, weak base anion exchange resin material, synthetic materials, 
including carbon, zeolite resin material, inert materials, and mixtures thereof, which are 
described in more detail below. An inert material may be formed from any material which 
5 does not conduct current or take part in water dissociation, while permitting fluid flow to pass 
through the ion-depleting cell. However, deionization performance will vary depending on 
the choice of resin material used in such compartments. It will be apparent to those of 
ordinary skill in the art that optimum conductivity and deionization performance will be 
obtained by using any type of material that achieves the highest conductivity or lowest 

10 resistivity across the apparatus, in combination with the best deionization performance. 
Therefore, a simple test for selecting the best material to use is to determine which type of 
material provides the highest conductivity, or lowest resistivity, through the module. Those 
of ordinary skill in the art may accomplish this through routine experimentation. The 
arrangement of alternating layers in the ion-concentrating compartment, in addition to the 

15 alternating layers in the ion-depleting compartment, would eliminate a direct path of current 
flow from electrode to electrode through the material with a higher conductivity and enhance 
the uniformity of the electric current distribution throughout the module. 

Generally, in any of the embodiments disclosed herein, it is advantageous to use the 
smallest possible bead diameter in order to maximize the available surface area of the 

20 electroactive media. However, one of ordinary skill in the art will recognize that smaller 
beads result in increased pressure drops across the ion-depleting chamber, which decreases 
operating efficiency. Therefore, the minimum size of the beads is limited by the maximum 
acceptable pressure drop across the ion-depleting compartment, which may vary depending on 
the apparatus design. One of ordinary skill in the art would be able to select the size of the 

25 beads through routine experimentation, using the deionization performance as the determining 
factor. 

Also according to any of the embodiments disclosed herein, deionization performance 
may be improved further by using substantially uniformly sized ion exchange resin beads in 
the alternating layers positioned in the ion-depleting compartment. "Substantially uniform," 
30 as used herein with reference to the bead size, means that 90 percent of the beads are within 
+/- 10 percent of the mean bead size, and that the relative average size of one ionic form of 
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beads to a second ionic form of beads in a mixture of beads is at least 0.8. When beads are 
packed within a chamber, the packing density and size of voids between the beads will vary 
depending on the volume to be filled, as well as the size and uniformity of the beads. When 
non-uniform beads are used, the beads are typically packed more tightly in some areas, 
5 resulting in a variety of void sizes or volumes, with the void volumes varying within the 
chamber. Consequently, current may travel through the more tightly packed areas, resulting 
in non-uniform current distribution. In contrast, when uniform beads are used, the beads are 
packed more uniformly throughout the chamber volume, resulting in more uniformly sized 
voids throughout the chamber volume, and ultimately providing more uniform current 

10 distribution. It should be understood that as the ratio of substantially uniform beads to non- 
uniform beads increases, greater increases in deionization performance are achieved. That is, 
it is not necessary to use 100 percent substantially uniform beads in order to achieve benefits 
in deionization performance. 

Commercially available examples of electroactive media in the form of ion exchange 

15 resin materials include, but are not limited to, DOWEX™ MARATHON™ series resins, (e.g., 
DOWEX™ MARATHON™ C cation resins, MARATHON™ A and MARATHON™ A2 
anion resins), DOWEX™ WBA (weak base) anion resins, DOWEX™ 1 1 Type I anion resin, 
DOWEX™ SAR anion resin (e.g., DOWEX™ SAR Type II anion resins). Other 
commercially available examples of ion exchange resins include the AMBERJET™ series 

20 resins (trademark of Rohm & Haas Corporation, Philadelphia, PA), such as, for example, 
AMBERJET™ 4600 Type II anion resins. DOWEX™ MARATHON™ C cation resin is a 
gel-type strong acid cation exchange resin with sulfonic acid functional groups. DOWEX™ 
MARATHON™ A is a gel-type strong base Type I anion exchange resin with quaternary 
ammonium functional groups. DOWEX™ MARATHON™ A2 is a gel-type strong base 

25 Type II anion exchange resin with dimethyl ethanolamine functional groups. One particularly 
preferred example of ion exchange resin material is the DOWEX™ MARATHON™ MSA 
and MSC series resins. DOWEX™ MARATHON™ MSA is a high capacity, macro porous 
type I strong base anion exchange resin having functional groups and mean particle sizes 
ranging from 590 to 690 microns. The DOWEX™ MARATHON™ MSC ion exchange resin 

30 is a high capacity macro porous strong acid count ion exchange resin having sulfonic acid 
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functional groups and uniform particle sizes ranging from 450 to 570 microns. Both the 
DOWEX™ MARATHON™ MSA and MSC ion exchange resin are characterized by high 
water content, high degree of cross-linking, therefore are advantageous for removing silica, 
and are also advantageous for CEDI applications. 

Other commercially available examples of ion exchange resin materials having 
substantially uniform beads include DOWEX™ MONOSPHERE™ 650C cation resin (Dow 
Chemical Company), having an average bead size of about 650 microns, and DOWEX™ 
MONOSPHERE™ 550A Type I anion resin (Dow Chemical Company), having an average 
bead size of about 550 microns. 

Other types of electroactive media include, but are not limited to, zeolite resin 
material, synthetic activated carbons, hypercrosslinked sorbent resins such as PUROLITE™ 
HYPERSOL-MACRONET™ sorbent resins (trademarks of Purolite Company, Bala Cynwyd, 
PA), synthetic carbonaceous adsorbents, such as AMBERSORB™ carbonaceous adsorbents 
(trademark of Rohm & Haas Corporation) and G-BAC™ adsorbents (trademark of Kureha 
Chemical Industry Co., Ltd., Japan), polymeric adsorbent resin beads that are prepared by 
alkyline bridging haloalkylated, porogen-modified, cross-linked copolymer beads, having 
microporosities in the range of about 0.2 and 0.5 cm 3 /cm, mesoporosities of at least about 0.5 
cmVg, and total porosity of at least about 1.5 crnVg as disclosed, for example, by Stringfield, 
in U.S. Patent No. 5,460,725, and catalytic carbon as disclosed, for example, by Hayden, in 
U.S. Patent No. 5,444,03 1 , and Matviya et al., in U.S. Patent No. 5,356,849. 

In FIG. 2, a schematic, cross-sectional view of a preferred ion-depleting compartment 
10 according to the present invention is shown. In the present embodiment, alternating layers, 
or beds, of ion exchange resin material 28 and 30 are positioned within the ion-depleting 
compartment 10 in a central space formed between an anion-permeable membrane 26 and a 
cation-permeable membrane 24. In the present embodiment, four alternating ion exchange 
resin layers are positioned in the ion-depleting compartment. Also in the present 
embodiment, the inter-membrane spacing is preferably in the range of about 1/4 inch to about 
3/8 inch, and the layer thickness is between about 2 inches to about 4 inches. 

In the present embodiment, the ion-depleting compartment 10 preferably includes a 
layer of anion exchange resin beads 28, which are alternated with a layer of cation exchange 
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resin beads 30, within the central space formed between the anion-permeable membrane 26 
and the cation-permeable membrane 24 of ion-depleting compartment 10. Preferably, the size 
of the anion and cation resin beads used in the present embodiment ranges from between 
about 200 \xm and about 800 ^m; more preferably, between about 400 and about 700 \im; and 
5 more preferably between about 550 \im and about 650 |im. Preferably, the anion exchange 
resin beads are a specialized electroactive media, such as described in U.S. Patent No. 
5,868,915, which is hereby incorporated by reference. For ease of manufacturing, it is 
preferred that the cation exchange resin beads are doped with the same anion exchange resin 
material as used in the alternating layers. One such preferred specialized electroactive 

10 medium is an anion exchange resin material that includes between about 1 percent and about 
20 percent; more preferably, between about 5 percent and about 15 percent; and, most 
preferably, about 10 percent, by volume, of Type II or weak base anion exchange resin 
material, with the remainder comprising Type I anion exchange resin material. In a preferred 
embodiment, the anion exchange resin material layers include about 90 percent Type I anion 

15 exchange resin material and about 10 percent Type II anion exchange resin material, and the 
cation exchange resin layers are doped with about 22.5 percent of the Type I anion exchange 
resin material and 2.5 percent Type II anion exchange resin material, by volume of the layer. 
When uniformly sized resin beads are used, the cation exchange resin material layers 
preferably include about 36 percent Type I anion exchange resin material and about 4 percent 

20 Type II anion exchange resin material, by volume of the layer. 

The layer of doped cation exchange resin material 30 in the ion-depleting 
compartment 10 preferably includes between about 50 percent and about 99 percent, by 
volume, of cation exchange resin material, which is doped with between about 1 percent and 
about 50 percent, by volume, of anion exchange resin material; more preferably, between 

25 about 60 percent and about 90 percent, by volume, of a cation exchange resin material, which 
is doped with between 10 percent and about 40 percent, by volume, of anion exchange resin 
material; and more preferably, between about 70 percent and about 80 percent, by volume, of 
a cation exchange resin material, which is doped with between about 20 percent and about 30 
percent of anion exchange resin material, by volume, based on the volume of the layer. That 

30 is, the doped cation exchange resin layers 30, according to this aspect of the invention, 
preferably include between about 50 percent and about 99 percent cation exchange resin 
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material, which are doped with between about 0.1 percent and about 5 percent of Type II 
anion exchange resin material, and between about 0.9 percent and about 45 percent Type I 
anion exchange resin material; more preferably, between about 60 percent and about 90 
percent cation exchange resin material, which is doped with between about 1 percent and 
5 about 4 percent of Type II anion exchange resin material, arid between about 9 percent and 
about 36 percent Type I anion exchange resin material; more preferably, about 70 percent to 
about 80 percent cation exchange resin material, which is doped with between about 2 percent 
and about 3 percent of Type II anion exchange resin material, and between about 1 8 percent 
and about 27 percent Type I anion exchange resin material, by volume, based on the volume 
10 ofthelaye 

In any of the disclosed embodiments, as the amount of Type II or weak base anion 
exchange resin material in the specialized electroactive media increases, the ability of the 
media to dissociate in solutions along the entire pH range and to split and exchange neutral 
salts decreases due to the decrease in volume of Type I anion exchange resin material in the 

15 layer. Therefore, when using the previously described specialized electroactive media, as in 
the present embodiment, balancing the conductivity of the alternating layers of cation 
exchange resin materials and anion exchange resin materials, by decreasing the conductivity 
of the layers of cation exchange resin beads, so as not to affect the properties of the anion 
exchange resin beads used in the layers, has been found to be more preferable than doping the 

20 layers of anion exchange resin beads. 

FIG. 3 A illustrates schematic, cross-sectional views of the fluid and ion flow paths 
through one preferred EDI apparatus of the invention. In FIG. 3 A, the EDI module 12 
includes ion-depleting compartments 10 and an ion-concentrating compartment 14 positioned 
between the ion-depleting compartments. The ion-depleting compartments 10 are bordered 

25 by an anolyte compartment 16 and a catholyte compartment 1 8. Typically, end blocks are 
positioned adjacent to end plates (not shown) to house an anode 20 and a cathode 22 in their 
respective compartments. Cation-selective membranes 24 and anion-selective membranes 26 
are typically sealed to the periphery of both sides of the compartments. Alternating layers, or 
beds, of ion exchange resin material 28 and 30 are positioned within the ion-depleting 

30 compartment 1 0 in a central space formed between the cation-permeable membrane 24 and 
the anion-permeable membrane 26. The ion-depleting compartment 10 is illustrated, as in 
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FIG. 2, with four alternating ion exchange resin layers positioned therein, and with an inter- 
membrane spacing in the range of about 1/4 inch to about 1/2, more preferably about 
3/8 inch, and a layer thickness or bed height of between about 2 inches to about 4 inches. In 
any of the disclosed embodiments, the ion-concentrating and electrode compartments may be 
5 empty or may be filled with other types of electroactive media. The electrode compartments 
and the ion-concentrating compartments of the EDI apparatus illustrated in FIG. 3 A do not 
contain any electroactive media positioned therein. However, if desired, one or both of the 
electrode and ion-concentrating compartments may contain any of the electroactive media 
described herein. 

1 0 Alternatively, as illustrated in FIG. 3B, which is a schematic, cross-sectional view 

through the electrodeionization apparatus of FIG. 3A, the ion-concentrating compartment is 
filled with alternating layers of ion exchange resin beads, as in the ion-depleting compartment 
In FIG. 3B, the first and third layers of the ion-concentrating compartment are doped cation 
resin material, and the second and fourth layers are the specialized electroactive media 

1 5 described previously. 

FIG. 3C is a schematic, cross-sectional view of a preferred electrodeionization 
apparatus, as illustrated in FIG. 3A, in which the ion-concentrating compartment is filled 
with uniformly sized cation exchange resin beads. Preferably, the ion-concentrating 
compartment is filled with a strong acid cation exchange resin material, preferably including 

20 sulfonic acid functional groups. One such commercially available cation exchange resin 

material is DOWEX™ MONOSPHERE™ 650C (not shown), which includes uniformly sized 
resin beads. 

In operation, a liquid to be purified 32, which may be a reverse osmosis product 
stream, typically having dissolved cationic and anionic components, is fed through the ion- 

25 depleting compartments 10, wherein the anionic components are attracted to the anion 
exchange resin 28 and the cationic components are attracted to the cation exchange resin 
beads 30. An electric field is then applied across the anode 20 and cathode 22 at the opposite 
ends of the module. The electric current passes perpendicularly to the fluid flow such that the 
dissolved cationic and anionic components migrate from the alternating ion exchange resin 

30 layers in the direction of their corresponding electrode. Cationic components migrate through 
the cation-selective membrane 24 into the adjacent ion-concentrating compartment 14. An 
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anion-selective membrane on the opposite side of the ion-concentrating compartment prevents 
further migration, thereby trapping the cationic components in the ion-concentrating 
compartment. The process for the anionic components is similar but occurs in the opposite 
direction; anionic components migrate through the anion-selective membrane 26 into the ion- 
5 concentrating compartment 14 and a cation-selective membrane 24 on the other side of the 
ion-concentrating compartment prevents further migration to trap the anionic components in 
the ion-concentrating compartment. Ionic components are depleted from the ion-depleting 
compartments 10 and increased in the ion-concentrating compartments 14, forming a high 
purity product stream 34 and a concentrate stream 36. 

10 The electrodeionization apparatus may be operated under conditions of chemical 

solute, or temperature cycling, and/or electrical field polarity cycling or reversal, as described 
in co-pending application 08/717,781. 

The present invention will be further illustrated by the following examples, which are 
intended to be illustrative in nature and are not to be considered as limiting the scope of the 

15 invention. 

EXAMPLES 

The following examples were performed in a electrodeionization apparatus that included 
an ion-depleting compartment, and ion-concentrating compartment, and anolyte compartment, 
and a catholyte compartment. Each compartment was bounded by a resin sheet membrane, with 
20 an inter-membrane spacing of about 3/8 inch. Alternating layers of ion exchange resin material 
were positioned in the ion-depleting compartments of the electrodeionization apparatus. Each 
ion-depleting compartment contained four alternating layers, beginning with a layer of anion 
exchange resin beads. The bed height, or layer thickness, ranged from about 2 inches to about 
4 inches. 

25 A reverse osmosis permeate stream, having a conductivity of about 3.0 to about 5.0 

|iS/cm, at a temperature of between about 18°C and about 20°C, was used as the feed in each 
example. The modules were operated at a flow rate of about 1 .6 lpm/cell-pair, with a product 
recovery of about 85 percent. The applied DC amperage to the module was 1.5 A, which 
corresponded to a current density of about 3 mA/cm 2 . 
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EXAMPLE I 

The effectiveness of an electrodeionization apparatus in which the conductivity of the 
ion-exchange materials in the ion-depleting compartments was balanced according to the 
present invention, was compared to an electrodeionization apparatus in which the conductivity 
5 of the ion-exchange materials in the ion-depleting compartment was not balanced. 

Two twelve-cell-pair modules were used for the experiments (Modules A and B). The 
ratios of the materials used in each module are outlined below in Table 1 . Each ion-depleting 
compartment contained four alternating layers, beginning with a layer of substantially uniform 
anion exchange resin beads. The anion exchange resin beads used in the alternating layers of 

10 each ion-depleting compartment contained 90 percent of substantially uniform Type I anion 
exchange resin beads (DOWEX™ MONOSPHERE™ 550A) and 10 percent of uniform Type 
II anion exchange resin beads (AMBERJET 4600). The layer of cation exchange resin beads 
used in the alternating layers of Module A were undoped strong acid cation exchange resin 
beads (DOWEX™ MONOSPHERE™ 650C), also having a substantially uniform bead size. 

15 In Module B, the cation layers were doped in order to balance the conductivity of the 

alternating layers. The layers of cation exchange resin beads used in the alternating layers of 
Module B were doped using about 40 percent of the anion exchange resin beads used in the 
layers of both Module A and Module B. (i.e., the layers included 60 percent of the uniform 
strong acid cation resin (DOWEX™ MONOSPHERE™ 650C), 36 percent of the uniform 

20 Type I anion exchange resin beads (DOWEX™ MONOSPHERE™ 550A), and 4 percent of a 
Type II anion exchange resin beads (AMBERJET 4600). 



TABLE 1 



Module A 
Layers 


Type I Anion 
Exchange Resin Beads 


Type II Anion 
Exchange Resin Beads 


Cation Exchange 
Resin Beads 


First 


90 % uniform 


10% uniform 


0% 


Second 


0% 


0% 


100% uniform 


Third 


90 % uniform 


10% uniform 


0% 
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Fourth 


0% 


0% 


100% uniform 


M duleB 
Layers 


Type I Anion 
Exchange Resin Beads 


Type II Anion 
Exchange Resin Beads 


Cation Exchange 

Resin Ttpjirl<i 


First 


90 % uniform 


10 % uniform 


0% 


Second 


36 % uniform 


4 % uniform 


60 % uniform 


Third 


90 % uniform 


10% uniform 


0% 


Fourth 


36 % uniform 


4 % uniform 


60 % uniform 



The performance of Module A and Module B was evaluated with regard to the product 
resistivity, product pH, and electrical resistance, recorded after reaching a steady state of 
operation. As shown below in Table 2, the electrical resistance of Module A was lower than 

5 Module B, the pH of the product from Module A was slightly acidic, and the product resistivity 
of Module A was lower than Module B. When the cation exchange resin beads were not doped, 
as in Module A, the conductivity of the alternating layers was less balanced, and more of the 
current traveled through the relatively highly conductive cation resin layers. In contrast, when 
the cation exchange resin beads were doped, as in Module B, current was more evenly distributed 

1 0 through the module, resulting in improved deionization performance. 



TABLE 2 



Module 


Product Resistivity 
(Ma-cm) 


Product pH 


Electrical Resistance 
(ft) 


A 


0.16 


<7.0 


8.53 


B 


15.4 


-7.0 


28.3 



15 EXAMPLE II 

The effectiveness of the electrodeionization apparatus of the present invention was 
evaluated with respect to an electrodeionization apparatus utilizing non-uniform anion exchange 
resin beads. 
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Three six-cell-pair modules were used for the experiments (Modules A, B, and C). Each 
ion-depleting compartment contained four alternating layers, beginning with a layer of anion 
exchange resin beads. The anion exchange resin beads used in the alternating layers of each ion- 
depleting compartment contained 90 percent of non-uniform Type I anion exchange resin beads 
5 (DOWEX™ 11, non-uniform grade) and 10 percent of uniform Type II anion exchange resin 
beads (AMBERJET 4600). The cation resin beads used in the alternating layers of Module A 
were substantially uniform undoped strong acid cation exchange resin beads (DOWEX™ 
MONOSPHERE™ 650C). Thus, the only difference between Module A of the present example 
and Module A of Example I is that the majority of beads used in Example I were substantially 

10 uniform. Modules B and C included alternating layers of doped cation exchange resin beads, 
according to the present invention, in order to balance the conductivity of the alternating layers. 
The doped cation exchange resin beads used in the alternating layers of Module B contained 60 
percent of the uniform strong acid cation resin (DOWEX™ MONOSPHERE™ 650C) and 40 
percent of the same anion exchange resin beads used in the alternating layers of Modules A, B, 

15 and C ((i.e. 60 percent uniform strong acid cation resin beads (DOWEX™ MONOSPHERE™ 
650C), 36 percent of the non-uniform Type I anion exchange resin beads (DOWEX™ 11, non- 
uniform grade), and 4 percent uniform Type II anion exchange resin beads (AMBERJET 4600)). 
Module C contained the same type of resins as Module B, but the doping ratio of the cation resin 
beads was less. Accordingly, the layers of cation exchange resin beads used in the alternating 

20 layers of Module C contained the same uniform strong acid cation resin beads (DOWEX™ 
MONOSPHERE™ 650C), doped with about 25 percent of the same anion exchange resin beads 
in the alternating layers of the Module ((i.e. 75 percent uniform strong acid cation resin beads 
(DOWEX™ MONOSPHERE™ 650C), 22.5 percent of a non-uniform Type I anion exchange 
resin beads (DOWEX™ 1 1, non-uniform grade), and 2.5 percent of a uniform Type II anion 

25 exchange resin beads (AMBERJET 4600)). 
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TABLE 3 



Module A 
Layers 


Type I Anion Exchange 
Resin Beads 


Type II Anion 
Exchange Resin Beads 


Cati n Exchange 
Resin Beads 


First 


90 % non-uniform 


10% uniform 


0% 


Second 


0% 


0% 


100% uniform 


Third 


90 % non-uniform 


10% uniform 


0% 


Fourth 


0% 


0% 


100% uniform 


Module B 
Layers 


Type I Anion Exchange 
Resin Beads 


Type II Anion 
Exchange Resin Beads 


Cation Exchange 
Resin Beads 


First 


90 % non-uniform 


10% uniform 


0% 


Second 


36 % non-uniform 


4 % uniform 


60 % uniform 


Third 


90 % non-uniform 


10% uniform 


0% 


Fourth 


36 % non-uniform 


4 % uniform 


60 % uniform 


Module C 
Layers 


Type I Anion Exchange 
Resin Beads 


Type II Anion 
Exchange Resin Beads 


Cation Exchange 
Resin Beads 


First 


90 % non-uniform 


10 % uniform 


0% 


Second 


22.5 % non-uniform 


2.5 % uniform 


75 % uniform 


Third 


90 % non-uniform 


1 0 % uniform 


0% 


Fourth 


22.5 % non-uniform 


2.5 % uniform 


75 % uniform 



The performance of Modules A, B, and C was evaluated with regard to the product 
resistivity, product pH, and electrical resistance, recorded after reaching a steady state of 
5 operation. As shown below in Table 4, Module A, in which the conductivity of the alternating 
layers was not balanced, had the lowest product resistivity and electrical resistance, with slightly 
acidic product water. Module B, which had the same ratios of resins as used in Module B of the 
previous Example, but used non-uniform resins, had very low product resistivity, the highest 
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electrical resistance, and slightly basic product water. Module C had the best deionization 
performance, with very high product resistivity, relatively high electrical resistance, and a neutral 
pH. 

5 TABLE 4 



Module 


Product Resistivity 
(Mft-cm) 


Product pH 


Electrical Resistance 
(ft) 


A 


0.12 


<7.0 


8.5 


B 


3.42 


>7.0 


16.5 


C 


16.3 


-7.0 


14.8 



The results of the modules that were balanced according to the present invention in both 
Experiment I and II are summarized and compared below in Table 5. The only difference 
between Module B of Experiments I and II is the uniformity of the material used to dope the 

1 0 cation exchange resin beads, i.e., the majority of anion exchange resin beads used in Experiment 
1 were substantially uniform and the majority of anion exchange resin beads resins used in 
Experiment II were non-uniform. Comparing the results of the two Modules shows that as a 
result of the substitution of the non-uniform beads, the product resistivity dropped, and the pH 
of the product became slightly basic, indicating less cation removal. Therefore, it may be 

15 concluded that a 4 to 5 fold increase in product resistivity is achieved when the conductivity of 
the alternating layer is balanced by doping with substantially uniform beads. The only difference 
between Modules B and C of Experiment II is the ratio of dopant material in the layers of cation 
exchange resin beads. In Module B, the ratio was 40 percent dopant material to 60 percent cation 
exchange resin beads, and in Module C, the ratio was 25 percent dopant material to 75 percent 

20 cation exchange resin beads. As a result of the 1 5 percent reduction in dopant material contained 
in the layers of cation exchange resin beads, a 4 to 5 fold increase in product resistivity and 
slightly lower electrical resistance was produced in Module C. The results of the experiments 
show that both uniform and non-uniform dopant materials may be used to balance the 
conductivity of alternating layers, and that a greater amount of dopant material may be required 

25 when uniform beads are used. 
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Module B 
(Experiment I) 


Module B 
(Experiment 11) 


Module C 
(Experiment II) 


Percent Dopant material 
in Cation Exchange 
Resin layer 


40% 


40% 


25% 


Bead Characteristics 


Uniform 


Non-uniform 


Non-uniform 


Product Resistivity 
(Mfi-cm) 


15.4 


3.4 


16.3 ! 


Product pH 


-7.0 


>7.0 


-7.0 


Electrical Resistance 


28.3 


16.5 


14.8 



Although particular embodiments of the invention have been described in detail for 



purposes of illustration, various changes and modifications may be made without departing from 
the scope and spirit of the invention. All combinations and permutations of the electroactive 
5 media and operational methods are available for practice in various liquid deionization 
applications as the need arises. For example, the electrodeionization apparatus and method of the 
present invention can be applied to processes that are presently not practically feasible due to lack 
of scaling and fouling resistance, temperature resistance, chemical resistance, or electrical 
efficiency. Typical applications would be the purification and softening of relatively untreated 

10 municipal water, relatively untreated well water and brackish water, and water containing foulants 
such as polyelectrolytes, tannins, lignins, fiilvic acid, and other polar or weakly ionized or large 
ionized organic compounds, foulants such as iron, sulfide, phosphates, silicates, and other 
multivalent ions. Other applications would be in the treatment and processing of foods and 
beverages, sugars and various sugar fractionations and chemical modifications, starches, milk and 

15 milk by-products, by-products from cheese manufacture such as whey, purification and 
fractionation of proteins, products of various fermentation processes such as alcoholic beverages, 
pharmaceutical products and the like, processes in the chemical, pharmaceutical, food and 
beverage industries requiring ion substitutions in the presence of foulants and chemical oxidants, 
mixed solutes in low level radioactive waste streams, waste water streams containing heavy 

20 metals and organic compounds, and liquids in industries such as the food and beverage, chemical, 
pharmaceutical, power, and chemical industries where operation at elevated temperatures are 
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required, or where sterilization or sanitization by heat or chemical oxidants is required. 
Accordingly, the invention is not to be limited except as by the appended claims. 



5 



What is claimed is: 
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CLAIMS 

1 . An electrodeionization apparatus, comprising: 

an ion-depleting compartment comprising alternating layers of ion exchange resin 

material; 

5 wherein at least one of said alternating layers comprises a specialized 

electroactive media, and said specialized electroactive media comprises a Type I anion exchange 
resin material; and 

at least one of said alternating layers comprises a doped cation exchange resin 

material. 

10 

2. The electrodeionization apparatus of claim 1, wherein said specialized 
electroactive media further comprises a material selected from the group consisting of Type II 
anion exchange resin material, weak base anion exchange resin material, and mixtures thereof. 

15 3. The electrodeionization apparatus of claim 2, wherein said specialized 

electroactive media comprises about 90 percent of said Type I anion exchange resin material. 

4. The electrodeionization apparatus of claim 3, wherein said ion-depleting 
compartment comprises four alternating layers of said ion exchange resin material. 

20 

5. The electrodeionization apparatus of claim 4, wherein a first and third layer of said 
four alternating layers of ion exchange resin material comprise said specialized electroactive 
media. 

25 6. The electrodeionization apparatus of claim 4, wherein a second and a fourth layer 

of said four alternating layers of ion exchange resin material comprise of said specialized 
electroactive media. 

7. The electrodeionization apparatus of claim 5, wherein a second and a fourth layer 
30 of said four alternating layers of ion exchange resin material comprise said doped cation exchange 
resin material. 
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8. The electrodeionization apparatus of claim 6, wherein a first and a third layer of 
said four alternating layers of ion exchange resin material comprise said doped cation exchange 
resin material. 

5 

9. The electrodeionization apparatus of claim 7, wherein said doped cation exchange 
resin material comprises about 40 percent of said specialized electroactive media. 

10. The electrodeionization apparatus of claim 8, wherein said doped cation exchange 
10 resin material comprises about 40 percent of said specialized electroactive media. 

1 1 . The electrodeionization apparatus of claim 7, wherein said doped cation exchange 
resin material comprises about 25 percent of said specialized electroactive media. 

15 12. The electrodeionization apparatus of claim 8, wherein said doped cation exchange 

resin material comprises about 25 percent of said specialized electroactive media. 

13. The electrodeionization apparatus of any of the preceding claims, wherein said 
ion-depleting compartment includes opposing membranes spaced apart by at least about 1/16 

20 inch. 

14. The electrodeionization apparatus of claim 13, wherein said ion-depleting 
compartment includes opposing membranes spaced apart by about 1/16 to about 1/4 inches. 

25 15. The electrodeionization apparatus of claim 13, wherein said ion-depleting 

compartment includes opposing membranes, and said inter-membrane spacing is about 1/4 to 
about 1/2 inches. 

1 6. The electrodeionization apparatus of claim 1 3, wherein said alternating layers each 
30 comprise ion exchange resin beads of substantially uniform size. 
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1 7. The electrodeionization apparatus of claim 1 4, wherein said alternating layers each 
comprise ion exchange resin beads of substantially uniform size. 



1 8. The electrodeionization apparatus of claim 1 5, wherein said alternating layers each 
5 comprise ion exchange resin beads of substantially uniform size. 

1 9. The electrodeionization apparatus of claim 1 6, wherein said substantially uniform 
size beads have a mean diameter of about 500 \im to about 800 nm. 

1 0 20. The electrodeionization apparatus of claim 1 7, wherein said substantially uniform 

size beads have a mean diameter of about 500 nm to about 800 fim. 

21 . The electrodeionization apparatus of claim 18, wherein said substantially uniform 
size beads have a mean diameter of about 500 urn to about 800 nm. 

15 

22. The electrodeionization apparatus of claim 21, wherein said layers have a 
thickness of between about 2 inches to about 4 inches. 

23. An electrodeionization apparatus, comprising: 

20 an ion-depleting compartment comprising alternating layers of ion exchange resin 

material; 

at least one of said alternating layers comprising a specialized electroactive media; 

at least one of said alternating layers comprising a doped cation exchange resin 
material, wherein said dopant material comprises said specialized electroactive media; 
25 wherein said specialized electroactive media comprises at least about 60 percent 

of a Type I anion exchange resin material. 

24. The electrodeionization apparatus of claim 23, wherein said specialized 
electroactive media further comprises a material selected from the group consisting of Type II 

30 anion exchange resin material, weak base anion exchange resin material, and mixtures thereof 
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25. The electrodeionization apparatus of claim 24, wherein a first layer in said ion- 
depleting compartment is said doped cation exchange resin material. 



26. The electrodeionization apparatus of claim 24, wherein a second layer in said ion- 
5 depleting compartment is said doped cation exchange resin material. 

27. The electrodeionization apparatus of claim 25, wherein said doped cation 
exchange resin material comprises about 40 percent of said specialized electroactive media. 

10 28. The electrodeionization apparatus of claim 26, wherein said doped cation 

exchange resin material comprises about 40 percent of said specialized electroactive media. 

29. The electrodeionization apparatus of claim 25, wherein said doped cation 
exchange resin material comprises about 25 percent of said specialized electroactive media. 

15 

30. The electrodeionization apparatus of claim 26, wherein said doped cation 
exchange resin material comprises about 25 percent of said specialized electroactive media. 

31. The electrodeionization apparatus of any of claims 23-30, wherein said ion- 
20 depleting compartment is bounded by opposing membranes spaced apart by at least about 1/16 

inch. 

32. The electrodeionization apparatus of any of claim 3 1 , wherein said ion-depleting 
compartment is bounded by opposing membranes spaced apart by about 1/16 inch to about 1/4 

25 inch. 

33. The electrodeionization apparatus of claim 31, wherein said ion-depleting 
compartment is bounded by opposing membranes, and said inter-membrane spacing is about 1/4 
inch to about 1/2 inch. 

30 
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34. The electrodeionization apparatus of claim 31, wherein said alternating layers 
comprise ion exchange resin beads of substantially uniform size. 



35. The electrodeionization apparatus of claim 32, wherein said alternating layers 
5 comprise ion exchange resin beads of substantially uniform size. 

36. The electrodeionization apparatus of claim 33, wherein said alternating layers 
comprise ion exchange resin beads of substantially uniform size. 

10 37. The electrodeionization apparatus of claim 34, wherein said substantially uniform 

size beads have a mean diameter of about 500 |im to about 800 nm. 

38. The electrodeionization apparatus of claim 35, wherein said substantially uniform 
size beads have a mean diameter of about 500 ^im to about 800 ^im. 

15 

39. The electrodeionization apparatus of claim 36, wherein said substantially uniform 
size beads have a mean diameter of about 500 \im to about 800 ^im. 

40. The electrodeionization apparatus of claim 39, wherein said layers comprise a 
20 thickness of between about 2 inches to about 4 inches. 

41. An electrodeionization apparatus, comprising: 

an ion-depleting compartment comprising alternating layers of ion exchange resin 
material, wherein at least one layer comprises a dopant material. 

25 

42. The electrodeionization apparatus of claim 41, wherein said at least one layer 
comprises less than about 50 percent, by volume, of said dopant material. 



43. The electrodeionization apparatus of claim 42, wherein said at least one layer 
30 comprises less than about 40 percent, by volume, of said dopant material. 
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44. The electrodeionization apparatus of claim 43, wherein said at least one layer 
comprises less than about 30 percent, by volume, of said dopant material. 



45. The electrodeionization apparatus of claim 44, wherein said at least one layer 
5 comprises less than about 20 percent, by volume, of said dopant material. 

46. The electrodeionization apparatus of claim 45, wherein said at least one layer 
comprises less than about 1 0 percent, by volume, of said dopant material. 

10 47. The electrodeionization apparatus of any of claims 41-46, wherein said dopant 

material is selected from the group consisting of cation exchange resin material, Type I anion 
exchange resin material, Type II anion exchange resin material, weak base anion resin material, 
zeolite resin material, synthetic activated carbon, hypercrosslinked sorbent resins, synthetic 
carbonaceous adsorbents, polymeric adsorbent resin beads, catalytic carbon, inert materials, and 

1 5 mixtures thereof. 

48. The electrodeionization apparatus of claim 47, wherein said dopant material is 
selected from the group consisting of Type II anion exchange resin material, weak base anion 
exchange resin material, and mixtures thereof. 

20 

49. The electrodeionization apparatus of claim 41 , wherein at least two adjacent ion 
exchange resin layers comprise a dopant material. 

50. The electrodeionization apparatus of claim 49, wherein said at least two adjacent 
25 layers each comprise less than about 50 percent, by volume, of a dopant material. 

5 1 . The electrodeionization apparatus of claim 50, wherein said at least two adjacent 
layers each comprise less than about 40 percent, by volume, of a dopant material. 
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52. The electrodeionization apparatus of claim 5 1 , wherein said at least two adjacent 
layers each comprise less than about 30 percent, by volume, of a dopant material. 
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53. The electrodeionization apparatus of claim 52, wherein said at least two adjacent 
layers each comprise less than about 20 percent, by volume, of a dopant material. 

5 54. The electrodeionization apparatus of claim 53, wherein said at least two adjacent 

layers each comprise less than about 10 percent, by volume, of a dopant material. 

55. The electrodeionization apparatus of any of claims 49-54, wherein said dopant 
material is selected from the group consisting of cation exchange resin material, Type I anion 
] 0 exchange resin material, Type II anion exchange resin material, weak base anion resin material, 
zeolite resin material, synthetic activated carbon, hypercrosslinked sorbent resins, synthetic 
carbonaceous adsorbents, polymeric adsorbent resin beads, catalytic carbon, inert materials, and 
mixtures thereof. 

15 56. The electrodeionization apparatus of claim 55, wherein at least one of said two 

layers is doped with a dopant material selected from the group consisting of Type II anion 
exchange resin material, weak base anion exchange resin material, and mixtures thereof. 

57. The electrodeionization apparatus of claim 41, wherein said alternating layers 
20 include uniformly sized resin beads. 

58. The electrodeionization apparatus of claim 41, wherein said ion-depleting 
compartment includes opposing ion-permeable membranes spaced apart by about 1/4 inch to 
about 1/2 inch. 

25 

59. A method for purifying a fluid in an electrodeionization apparatus, comprising: 
providing an electrodeionization apparatus having an ion-depleting compartment; 
providing a first ion exchange resin material having a first conductivity value and 

a second ion exchange resin material having a second conductivity value different than the first; 
30 reducing the difference between said first and second conductivity values by 

adding a dopant material to one of said first or second ion exchange resin materials; 
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positioning said first and second ion exchange resin materials in alternating layers 
in said ion-depleting compartment; 

passing a fluid stream through said ion-depleting compartment; and 
applying an electric field across said electrodeionization apparatus. 

5 

60. The method of claim 59, wherein a first layer in said ion-depleting compartment 
is an anion exchange resin material. 

61. The method of claim 60, further comprising providing said ion-depleting 
10 compartment with opposing ion permeable membranes spaced apart by at least about 1/16 inch. 

62. The method of claim 61, further comprising providing said ion-depleting 
compartment with opposing ion permeable membranes spaced apart by about 1/16 to about 1/4 
inch. 

15 

63. The method of claim 62, further comprising providing said ion-depleting 
compartment with opposing ion permeable membranes spaced apart by about 1/4 to about 1/2 
inch. 

20 64. The method of claim 63, further comprising providing said alternating layers at 

a thickness of about 2 to about 4 inches. 

65. The method of claim 59, further comprising providing uniformly sized first and 
second ion exchange resin materials. 

25 

66. The method of claim 65, further comprising providing said uniformly sized ion 
exchange materials with a mean diameter of about 500 pm to about 800 pm. 



67. The method of claim 59, wherein a first layer in said ion-depleting compartment 
30 is a cation exchange resin material. 



WO 00/44477 31 PCT/US00/01666 

68. The method of claim 59, further comprising reversing the polarity of the applied 
electric field in order to remove fouling from said ion exchange material. 



69. The method of claim 68, further comprising providing said alternating layers at 
5 a thickness of about 2 to about 4 inches. 

70. The method of claim 69, further comprising providing uniformly sized first and 
second ion exchange resin materials. 

10 71. The method of claim 69, further comprising providing said ion-depleting 

compartment with opposing ion permeable membranes spaced apart by at least about 1/16 inch. 

72. The method of claim 71, further comprising providing said ion-depleting 
compartment with opposing ion permeable membranes spaced apart by about 1/16 to about 1/4 

15 inch. 

73. The method of claim 71, further comprising providing said ion-depleting 
compartment with opposing ion permeable membranes spaced apart by about 1/4 to about 1/2 
inch. 

20 

74. The method of claim 70, further comprising providing said uniformly sized ion 
exchange materials with a mean diameter of about 500 pirn to about 800 nm. 

75. The electrodeionization apparatus of claim 1, further comprising an ion- 
25 concentrating compartment. 

76. The electrodeionization apparatus of claim 75, wherein said ion-concentrating 
compartment comprises an ion exchange resin material. 

30 77. The electrodeionization apparatus of claim 76, wherein said ion-exchange resin 

material comprises a cation exchange resin material. 
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78. The electrodeionization apparatus of claim 76, wherein said ion-exchange resin 
material comprises an inert screen. 

5 79. The electrodeionization apparatus of claim 76, wherein said ion-concentrating 

compartment comprises alternating layers of ion exchange resin material. 

80. The electrodeionization apparatus of claim 78, wherein at least one of said 
alternating layers is doped. 

10 

81. An electrodeionization apparatus, comprising: 

an ion-depleting compartment comprising alternating layers of ion exchange 
resin material, each layer having substantially the same thickness, wherein at least one layer 
comprises a dopant material. 

15 

82. An electrodeionization apparatus, comprising: 

an ion-depleting compartment comprising alternating layers of ion exchange 
resin material, wherein a first layer comprises a doped cation exchange resin material, said 
apparatus constructed and arranged to provide a flow of water to be introduced into said first 
20 layer. 

83 . An electrodeionization apparatus, comprising: 

an ion-depleting compartment constructed and arranged to provide ionic 
substitution in said ion-depleting compartment, and substantially uniform current distribution 

25 throughout said apparatus, 

said compartment including alternating layers of ion exchange resin material, 
at least one layer including a dopant material. 
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